This paper describes a supercritical hydrothermal synthesis method as a green solvent process, along with products based on this method that can be used as green materials that contribute to solving environmental problems. The first part of this paper summarizes the basics of this method, including the mechanism of the reactions, specific features of the supercritical state for nanoparticle synthesis, the continuous flow-type reactor and applications; this provides a better understanding of the suitability of this method to synthesize green materials. The second part of the paper describes the method used to synthesize Cr-doped CeO 2 nanoparticles, which show an extremely high oxygen storage capacity, suggesting their high potential as an environmental catalyst. Transmission electron microscopy and scanning electron microscope images showed octahedral Cr-doped CeO 2 nanoparticles with sizes of 15-30 nm and cubic Cr-doped CeO 2 nanoparticles with sizes
Introduction
There are many methods for synthesizing nanoparticles, including vapour-phase nanoparticle synthesis and liquid-phase crystallization/precipitation. The environmental impact must be considered in the production process. The use of organic solvents, not only in the reaction process but also for the recovery and purification process, should be reduced as much as possible from the environmental perspective. The most environmentally benign solvent is water. Supercritical hydrothermal synthesis is a method that uses water as a solvent to synthesize nanomaterials. Under the supercritical state, a slight change in temperature and pressure can cause significant changes in the properties of these materials, which makes it possible to suitably tune the reaction conditions according to the final products required.
So far, a wide range of studies on this method have been reported, and a commercial process has already been developed. In our previous review [1] , we summarized the green aspects of supercritical hydrothermal synthesis. However, the usefulness of this method for synthesizing 'green materials', that is, the materials that contribute to solving environmental problems, has not yet been sufficiently discussed.
The first part of this paper summarizes the basics of this method, including the mechanism of the reactions, specific features of the supercritical state for nanoparticle synthesis, the continuous flow-type reactor and applications from the viewpoint of a 'green solvent ' . This leads to a better understanding of the suitability of this method for the synthesis of 'green materials'. The second part of this paper describes the method used to synthesize Cr-doped CeO 2 nanoparticles; Crdoped CeO 2 is an example of a green material that shows an extremely high oxygen storage capacity (OSC), suggesting its high potential as an environmental catalyst.
Supercritical water as a green solvent for green materials (a) Green process suitable for nanoparticles
Hydrothermal synthesis is a reaction that forms metal oxides from a metal salt aqueous solution in high-temperature water. The first step is the hydrolysis of the metal salt to form metal hydroxides, and the second is the dehydration of the hydroxides to form metal oxides, This phenomenon occurs deep underground, where ores are formed through this reaction. This reaction can be used to synthesize metal oxides, and many materials are now produced in this way. Obviously, the solvent used in these processes is water, which is the greenest solvent. During this reaction, the concentration of metal oxides gradually increases.
Once the concentration goes beyond the solubility limit, nucleation of the solid metal oxides occurs. Suddenly, the concentration of the dissolved metal oxides in the water decreases, as shown in figure 1. For the synthesis of nanoparticles, a high supersaturation degree (SSD) is required. The SSD is determined by the concentration of the monomer (C) and the solubility (C s ),
Obviously, the SSD is determined by the balance between the formation rate of the monomer (metal oxides) and the nucleation rate. A lower solubility and a higher reaction rate are the key to obtain a higher SSD, namely the nucleation rate, and thus smaller nanoparticles. The solubility of metal oxides in high-temperature water is shown in figure 2 [3] . Above the critical point, the solubility drastically decreases because of the decreases in the density and dielectric constant of the water, which destabilize the dissolved species. For the same reason, the reaction rate of the hydrothermal synthesis rises above the critical point, as shown in figure 3 [4] . Thus, if the precursor, the metal salt aqueous solution, is rapidly heated up to the supercritical state, an extremely high SSD should be obtained, which cannot be obtained by any other processes.
For this rapid heating, a continuous flow reaction system was proposed, in which a metal salt aqueous solution feed was mixed with supercritical water introduced from another line, as shown in figure 4 [5] . When the mixing is faster than the reaction rate, the nucleation is controlled by the reaction, which is necessary to obtain uniform size nanoparticles. Kawasaki et al. [6] employed a variety of mixers (various sizes and shapes) and changed the flow rate to evaluate the effect of mixing on the performance (particle size). The particle size decreased with increasing Re number and approached a certain size, with better mixing resulting in decreased particle size at a lower Re number. On the other hand, when the Re number was above 50 000, the results were more or less the same, regardless of the mixing geometry. The Re number is expressed as 4) where (μ/ρ) is the kinematic viscosity (fluid property), u is the fluid velocity (operational property) and d is the diameter of the reactor (the apparatus parameter). For the actual larger scale process, u is in the range of 1-10 m s −1 and d should be of the order of 0.1 m. Under the supercritical condition, the density is high, as in a liquid, and the viscosity is low, as in a gas. Thus, the kinematic viscosity is extremely low compared with a gas or a liquid. This leads to an extremely high Re number for the supercritical hydrothermal synthesis. This suggests that a simple mixing method is sufficient for the commercial process.
A variety of materials have been synthesized so far, as listed in table 1 [1] . Both singlecomponent metal oxides and multi-component metal oxides can be synthesized. Under these conditions, hydrogen or oxygen gas can be mixed to form a homogeneous phase. Thus, a reducing or oxidizing atmosphere (valence of metal) can be obtained. By introducing H 2 gas, Co nanoparticles can be synthesized [7, 8] . As previously explained, the reaction is the same as that found in ore formation, and not only for metal oxides but also for metal sulfates, sulfides and phosphates, which can all be synthesized. Several years ago, the supercritical hydrothermal synthesis process was commercialized in Korea for such production [1] .
(b) Environmentally benign hybrid nanoparticle synthesis A variety of applications are anticipated, including nano-fluids, nano-inks and hybrid polymers (with high conductivity, a high reflective index, electro-magnetic insulation etc.). In these applications, at any stage, particles should be dispersed in organic solvents or polymers. However, the dispersion of nanoparticles at a high concentration is always difficult, since the affinity between nanoparticles and organic solvents/polymers is very low and thus particles can easily be aggregated. A surfactant is often used for the dispersion of nanoparticles. A micelle-like structure is formed for the nanoparticle-surfactant system. The size of this micelle is determined to minimize the total surface energy, which is not necessarily the size of the nanoparticles. Thus, surface modification of nano-clusters occurs in this case.
There are various methods for synthesizing organic modified nanoparticles by introducing surfactants during nanoparticle synthesis. However, desorption of the physisorbed capping agents sometimes occurs; as a result, coagulation and contamination of the desorbed molecules in the products can occur. Silane coupling methods can be used to create strong binding for the organic modifiers. However, for the surface modification of individual nanoparticles, the particles should first be dispersed in the organic solvent, which is difficult for a highly concentrated system. The silica layer formed on the nanoparticle surface sometimes changes the original properties of the nanoparticles. In supercritical water, organic surface modifiers can form a homogeneous phase with the supercritical water. Once nucleation occurs, dissolved surfactants adsorb on the nuclei (hydrophilic metal (hydro) oxides). Under these conditions, an extremely strong bond is formed on the surface, and the stabilization of the nanoparticles leads to a decrease in the particle size [9] . An important issue is that organic modified nanoparticles could be synthesized in a green solvent, that is, water, without using an organic solvent.
In the organic solvent process, the concentration and separation of the nanoparticles are very difficult and energy-consuming procedures, since organic modified nanoparticles show a high affinity for organic solvents. However, in this process, even though the reaction atmosphere is in a homogeneous phase, just after cooling, phase separation of the water and oil phases occurs, and organic modified nanoparticles are automatically extracted, as shown in figure 5 [10] . In addition, from this viewpoint, less energy is consumed, and thus the supercritical method is environmentally friendly.
Organic modified nanoparticles thus synthesized can be better dispersed in organic solvents or polymers than unmodified ones. By selecting better organic solvents, which show a higher affinity, a transparent colloidal solution can be prepared. Transparent colloidal suspensions with organic modified nanoparticles have shown extremely low viscosities. A lower viscosity at a higher loading can provide better properties for hybrid polymers.
(c) Applications of nanoparticles as green materials
Today, the size of electric devices is decreasing, while their power requirements are increasing every year. Thus, heat needs to be released from these devices more rapidly to maintain their performance, which results in energy savings for the whole system. Materials are required that have high heat conductivity while maintaining a high fabricability, electro-resistivity and adhesiveness to devices and substrates. Although hybrid polymers using ceramic nanoparticles with high heat conductivity have been anticipated, the viscosity of a hybrid polymer increases with an increase in the amount of nanoparticle loading. This must be because of the phase separation between the nanoparticles and polymers, which leads to the formation of aggregates and thus increases the viscosity. By surface modification, because of the increase in the affinity of the nanoparticles and polymers, the viscosity of a hybrid material could be drastically reduced, leading to an increase in the loading amount and thus a higher thermal conductivity. Through the surface modification of Al 2 O 3 nanoparticles, we can increase the concentration of fillers in epoxy resin by up to more than 80 vol% while maintaining the fluidity [11] . This 'fluid ceramic' can be used as a packaging material, and was introduced into the packaging of a semi-conductor device without causing any damage to the electric circuits. BN nanoparticles were also modified with organic materials, which led to a decrease in the viscosity of a hybrid polymer with BN particles and thus increased the BN loading while maintaining the fabricability rsta.royalsocietypublishing.org Phil. Trans For catalysis, nanoparticles are useful because of their higher surface-to-volume ratio. Recently, there have been some approaches to increase the catalytic activity of nano-catalysts, one of which is to control the exposed surface. However, this has been found to be difficult; a surface with high catalytic activity is unstable, and thus grows faster, leaving a stable, unreactive surface behind, especially for nanoparticles.
Surface modification makes it possible to control the surface energy of nanoparticles and thus change their morphology (exposed surface). Since surface capping occurs preferably at a higher energy (less stable) surface, to reduce the total surface energy of the nanoparticles, using an in situ surface modification method, the outside of most of the unstable surfaces can be exposed. The supercritical method is a promising method to synthesize these nano-catalysts. For the case of CeO 2 , the most active surface is known to be the (100) surface. By introducing alkyl carboxylic acid into the supercritical hydrothermal synthesis atmosphere, (100)-exposed CeO 2 nanoparticles were successfully synthesized. These showed an extremely high OSC even at a lower temperature (figure 7), which suggests a high catalytic activity for environmental clean-up [12] .
The waste treatment of unused heavy oils from the petroleum industry and black liquor from the pulp and paper industry and other biomass conversion processes are of great concern. Hydrothermal treatment at a lower temperature is one approach to solve the problem of how to recover valuable products. Catalysts are needed for the reaction to proceed at a lower temperature. Coke formation is always a problem in the hydrothermal reaction of these heavy hydrocarbons. (100)-exposed CeO 2 catalysts were used for upgrading bitumen at 450 • C (figure 8) [13] and black liquor at 350-400 • C in water [14] . The upgrading reaction occurred while keeping the coke formation very low. This is also one example of a green material synthesized using a green solvent, but there are still many problems to be solved, including increasing the catalytic activity. In the following part of this paper, we discuss the synthesis of CeO 2 catalyst nanoparticles using a doping transition metal to realize higher catalytic activity.
Shape-controlled synthesis of Cr-doped CeO 2 nanoparticles (a) Requirement for high catalytic activity and doping metals
A doping transition metal is used to increase catalytic activity. The substitutions of other transition metal ions into the lattice of CeO 2 have been reported to enhance the OSC of Ce 1−x M x O 2 (Zr, Ti) [15] [16] [17] . This means that lattice oxygen is activated and can be released relatively easily. Cu 0.1 Ce 0.9 O 2−x decreases the temperature for CO oxidation and increases the catalytic activity compared with CeO 2 [18] . Gd-doped CeO 2 nanocubes with reactive {001} facets are a suitable anode material for low-temperature solid-oxide fuel cells [19] . Thus, transition-metalsubstituted CeO 2 not only enhances the OSC but also decreases the oxygen-releasing temperature compared with CeO 2 . Ceria-zirconia mixed oxides are well-known OSC materials that show better redox properties and better thermal stability than CeO 2 [15] . Among these OSC materials, Ce 0.67 Cr 0.33 O 2+δ has shown a higher OSC property than Ce 0.5 Zr 0.5 O 2 , and it can also release lattice oxygen at a much lower temperature (300 • C) [20] . Furthermore, Ce 0.67 Cr 0.33 O 2+δ was used as a catalyst for H 2 generation from water splitting starting at a temperature as low as 65
The combination of doping Cr with the control of the exposed surface using a green solvent is a promising green approach to enhance the catalytic activity of green materials. The latter part of this paper describes the newly obtained experimental results: Cr-doped CeO 2 with octahedral and cubic shapes were successfully synthesized in sub-and supercritical water. Octahedral Cr-doped CeO 2 nanoparticles were synthesized using a laboratory-scale plug-flow reactor [22] . Aqueous solutions of Ce(NO 3 ) 3 /Cr(NO 3 ) 3 (0.010 mol l −1 ) (molar ratio of Ce : Cr = 9 : 1) were pumped using a high-pressure pump (Nihon Seimitsu Kagaku, NP-KX-540) at a flow rate of 2.0 ml min −1 through an SUS 316 tube with an inner diameter of 1.8 
same time, deionized water was pumped by another pump at a flow rate of 8.0 ml min −1 and heated using a furnace. The precursor solution and heated water were mixed at a junction to raise the temperature up to 300 • C. The residence time in the heated zone was 1.6 s, which was determined by the reactor volume, total flow rate, density of the water, reaction temperature and pressure. A back pressure regulator (TESCOM, 26-1700 series) controlled the pressure of the system at 28 MPa. The mixture was then cooled using a water jacket. The products were purified by adding deionized water, and then centrifugation and decantation were performed several times.
(ii) Synthesis of cubic Cr-doped CeO 2 nanoparticles Cubic Cr-doped CeO 2 nanoparticles were synthesized using batch-type reactors with an internal volume of 5.0 ml [10] . In a typical synthesis, 0.25 mmol of Ce(OH) 4 /Cr(OH) 3 (molar ratio of Ce : Cr = 9 : 1) and 2.5 ml of distilled water were placed in a pressure-resistant SUS 316 vessel. To modify the surface of the nanoparticles and induce their anisotropic growth, 0.13 g of decanoic acid was also loaded into the reactor vessel. The hydrothermal reaction was performed using an electric furnace at 150 • C for 20 min as a pretreatment and then 400 • C for 10 min. After the reaction, the vessel was cooled in a water bath at room temperature. The decanoic acid-modified nanoparticles were extracted from the product mixtures with 5 ml of hexane. The final products were precipitated from the resulting hexane phase by the addition of 10 ml of ethanol as an antisolvent reagent, and then separated using centrifugation.
(iii) Characterization
The products were characterized by an X-ray diffractometer (XRD) (RIGAKU, SmartLab 9MTP) using Cu-Kα radiation. The 2θ angle was scanned between 20 • and 80 • . The particle size, morphology and elemental analysis results were obtained using a field emission scanning transmission electron microscope (FE-STEM) (HD2700) equipped with an energy-dispersive X-ray spectrometer (EDX). High-resolution transmission electron microscopy (HRTEM) and selected area electron diffraction (SAED) images were obtained using a JEOL JEM-2100F transmission electron microscope operated at 120 kV. The presence of the chemical bonds on the surfaces of the nanoparticles was evaluated using Fourier-transform infrared spectroscopy (JASCO FT-IR-4200).
(iv) OSC experiment
The OSCs of the catalyst were measured using thermogravimetric differential thermal analysis (BELCAT). Before the measurements, the samples were pretreated in flowing O 2 (50 ml min −1 ) for 50 min and H 2 (50 ml min −1 ) for 60 min at 500 • C. After the samples adsorbed O 2 (concentration: 100%) at 100 • C, a mixed gas of 10% CO-He (50 ml min −1 ) was flowed at the same temperature. The CO concentration after passing the samples was measured, and OSC values were obtained based on CO conversion. This sequence was repeated at 300 • C, 400 • C and 500 • C to obtain OSC values at these temperatures.
(c) Results and discussion for Cr-doped CeO 2 nanoparticles (i) XRD patterns Figure 9a shows XRD patterns of the Cr-doped CeO 2 nanoparticles with octahedral (flow-type reactor) and cubic shapes (batch-type reactor). All the observed peaks for the samples could be indexed using the cubic fluorite structure of CeO 2 based on the standard ceria database (Joint Committee for Power Diffraction Studies (JCPDS) file no. 00-034-0394). No other peaks for impurities such as pure Ce and Cr oxides were observed. According to the Scherrer equation, the average particle sizes of the octahedral and cubic Cr-doped CeO 2 are estimated to be 14.7 and 5.4 nm, respectively. Furthermore, it was shown that the diffraction peak shifted towards a higher angle as the Cr was doped into the CeO 2 , revealing the change in the lattice parameters. (ii) Morphology characterization
The shape of the synthesized nanoparticles was analysed using TEM, SEM and HRTEM. From the TEM images, it can be seen that the particle size of figure 10a(i) is 15-30 nm, and that of figure 10b(i) is 5-8 nm. The particle size distribution for the two types of nanoparticles was evaluated from the TEM images (see figure 10a(v) and b(v) 
(iii) FTIR spectra
In order to investigate the interaction between the nanoparticles and organic molecules, Fourier-transform infrared (FTIR) analyses were conducted. Figure 11 shows the FTIR results for the (a) octahedral Cr-doped CeO 2 without a modifier and (b) cubic Cr-doped CeO 2 modified by decanoic acid. The doublet at 2850 and 2920 cm −1 indicates the C-H stretching mode of the methylene groups. The bands at 1433 and 1515 cm −1 indicate the stretching frequency of the carboxylate group, which implies that the carboxylate group in decanoic acid is chemically bonded to the surface of the nanoparticles [10] . The (111) facet of ceria is stable in the growth of the crystal structure. Thus, octahedral Cr-doped CeO 2 with the (111) facet was obtained without a modifier in subcritical water. However, the (100) facet is more reactive than the (111) and (110) facets in relation to the catalytic properties because of its high surface energy. It is difficult to control the exposed high-energy facet (100) of the doped CeO 2 nanoparticles under formal reaction conditions. However, when decanoic acid was appropriately introduced into the supercritical water, the capping agent was miscible with water because water has a lower dielectric constant under a supercritical state (critical point: 374 • C, 22.1 MPa). The capping agent was likely to attach to the (100) facets and reduced the growth rate of the nanocrystals along the (001) direction. This process resulted in the formation of nanoparticles with exposed (100) facets [10] .
(iv) Oxygen storage capacity
The OSC is defined as the amount of oxygen stored in and released from the nanoparticles. Figure 12 compares the OSC results for the two different morphologies of Cr-doped CeO 2 nanoparticles at 300 • C, 400 • C and 500 with a cubic shape is higher than that with the octahedral shape at each temperature. The OSC of the cubic Cr-doped CeO 2 is 362 μmol O 2 g −1 at 400 • C, which differs from the reported OSC of cubic CeO 2 (90 μmol O 2 g −1 ) [12] , because the Cr-O band is longer than Ce-O, which means that oxygen can be released from the nanoparticles more easily than when undoped [20] . In particular, the OSC for the cubic shape at 300 • C (271 μmol O 2 g −1 ) is higher than that for the octahedral shape at 500 • C (254 μmol O 2 g −1 ). The evaluated OSC reached a fraction of theoretical maximum capacity, which suggests that even the oxygen inside the CeO 2 nanoparticles, that is, not only the surface oxygen, contributed to the OSC. Thus, it was demonstrated that Cr-doped CeO 2 nanoparticles with the exposed surface controlled showed an extremely high OSC. The results suggest the high potential for use as an environmental catalyst. Green materials could be synthesized using a green solvent (supercritical water).
Conclusion
In this paper, we have reported the successful synthesis of octahedral and cubic Cr-doped CeO 2 in sub-and supercritical water. HRTEM results indicated the presence of octahedral Cr-doped CeO 2 exposing the (111) facet and cubic Cr-doped CeO 2 exposing the (100) facet. In supercritical water, organic molecules can attach to the high-energy facet (100) of Cr-doped CeO 2 . It is concluded that Cr-doped CeO 2 nanoparticles with well-defined sizes and shapes could be successfully produced as designed. Thus, a green solvent for green materials was demonstrated.
Summary
A supercritical hydrothermal synthesis method was demonstrated as a green solvent process to synthesize a variety of nanomaterials with high productivity and high crystallinity. Organic modified nanoparticles could also be synthesized via a green route. The materials produced could be well dispersed in organic solvents or polymers because of organic surface modification, leading to the fabrication of functional hybrid polymers. This method can control the exposed surface of nanoparticles, which is key to increasing the catalytic activity of nano-catalysts. These materials can be used to solve environmental problems, and thus are regarded as green materials. To further increase the catalytic activity, a doping transition metal could be used. This study demonstrated that Cr-doped CeO 2 nanoparticles with the exposed surface controlled had an extremely high OSC, suggesting high potential as an environmental catalyst. Green materials could be synthesized using a green solvent (supercritical water).
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